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ABSTRACT 

The present scenario for high-luminosity long 7-ray bursts is strongly influenced by the paper of 
Fruchter et al. (2006). Whereas the main contention of this paper that these GRBs occur in low- 
metallicity irregular galaxies is based on a considerable collection of observational results and although 
the main thesis is doubtless correct, the paper does not explain the dynamics that produces such GRBs 
and much of the discussion not directly concerning the main thesis is wrong. We propose a dynamics 
and elucidate how the Fruchter et al. (2006) results may be tested, in our neighborhood in the LMC, 
suggesting that LMC X-3 is a relic of a high luminosity explosion, probably accompanied by a GRB 
and hypernova explosion. The way to test our suggestion is to measure the system velocity of the 
present black hole. We correct errors of the Fruchter et al. paper in stellar evolution, so that the 
study of GRBs is consistent with it. We show that the subluminous GRB 060218 had a low-mass 
black hole as central engine. 
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1. INTRODUCTION 

iFruchter et al.l (|2006( ) collect an important amount of 
data on long 7-ray bursts. They propose that the long- 
duration 7-ray bursts are associated with the most ex- 
tremely massive stars and that they may be restricted 
to galaxies of limited chemical evolution. Also that long 
7-ray bursts are relatively rare in galaxies such as our 
own Milky Way. 

In recent pap ers oreno Mendez et all l2007t 
I Brown, et al.l 120071 ) we have developed the Blandford- 
Znajek model of GRBs into quantitative calculations 
of the angular momentum energy that can be delivered 
for GR Bs and hypernova explosions. This was possible 
because iLee et all ()2002l ) showed how to work out the 
Kerr parameters of the rotating black holes. We showed 
that the Galactic soft X-ray transient sources were relics 
of Galactic explosions and constructed the energy of all 
15 of the known Galactic sources. 

It turns out that most of the Galactic sources under- 
went subluminous GRBs, not because they did not pos- 
sess sufficient rotational energy, but mostly because the 
rotational energy was so large that it destroyed the ac- 
cretion disk so quickly that the central engine was dis- 
mantled before the GRB could properly develop. We 
give as examples the transient sources Nova Sco (GRO 
J1655-40) and II Lupi (4U 1543-47) for which lLee et"aLl 
(|2002[ ) had predicted Kerr parameters o f = 0.8 and 
which were measured, by IShafee et al.l ()2006l ). at the 
present time, to be a* = 0.65 — 0.75 and a* = 0.75 — 0.85, 
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respectively. The natal rotational energy was 430 bethes 
(one bethe= 10^^ ergs) and the final (measured) energy 
is indistingui s hable , within errors, from the natal energy. 
I Brown et al.l (|2000[ ) had reconstructed the GRB and hy- 
pernova explosion for Nova Sco. The nature of the ex- 
plosion could be reconstructed from the donor, which ac- 
cepted a number of a-particle nuclei, especially ^^S which 
is special for hypernova explosions, but rare in supernova 
explosions. 

Thus, from the near equality of the natal and present 
rotational energies, only a few percent of the available 
rotational energy could have been accepted in the GRB 
a nd hypernova explosion . 

iMoreno Mendez et all (|2007f ) and lBrown. et all (|2007f ) 
showed from population syntheses that the soft X-ray 
transient sources were sufRcient in number to account 
for all of the subluminous bursts in our neighborhood. 

What about the cosmolog ical bursts whic h are t he long 
7-ray bursts considered bv IFruchter et all ()2006l )? The 
Woosley CoUapsar model was invented to describe these. 
In terms of numbers these are only a few percent of the 
subluminous bursts (jLiang et al.ll2007l ) . We will not take 
issue with the Woosley Collapsar model describing these, 
because our binary evolution begins by the donor spin- 
ning the He star, progenitor of the black hole, to what- 
ever angular momentum is needed. Then the donor de- 
couples, acting only as a witness to the explosion, with 
the He star collapsing into a black hole in the same way 
as in the Woosley Collapsar model, the tidal locking be- 
tween the donor and the He star being transferred to 
one b etween the donor and the black hole. From the 
latter. iLee et al.l (|2002[) predicted the Kerr parameter of 
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the black hole. 

The main point developed bv lBrown. et alJ (|2007l ) was 
that the rotational energy of the binary is roughly in- 
versely proportional to the mass of the donor. This fol- 
lows from Kepler's law and from the fact that in Case 
C mass transfer (following the He burning), the initial 
QiS (distance between the giant and the companion) of 
the bi naries are roughly eq ual. The fact that, accord- 
ing to lFruchter et al.l (|2006D . the long 7-ray bursts are in 
low-metallicity galaxies, does not elucidate the dynam- 
ics which produce the long bursts. The dynamics result 
from the fact that low-metallicity galaxies tend to have 
stars of higher mass than Galactic. The higher mass of 
the donors slows the binary down sufficiently that the 
rotational energy can be accepted by the central engine. 
In other words, the question of energy is a "Goldilocks" 
one. It must be not too much, because in that case the 
central engine will be dismantled, and not too little, be- 
cause that would only be sufficient for a subluminous 
burst, but for a long high luminosity 7-ray burst it must 
be just right. 

We have learned enough about Kerr parameters from 
our calculations and from the Smithsonian-Harvard mea- 
surements to construct a "guesstimate" . Namely, we be- 
lieve that LMC X— 3 underwent the closest (in energy) 
explosion in our Galaxy, to a cosmological GRB. (Of 
course, one can say that LMC X— 3 is not in our Galaxy, 
but in the LMC.) 

We believe that in its ~ 1/3 solar metallicity 
(|Russell fc Dopital I1990D . it tends towards the low- 
metallicity stars considered bv lFruchter et al.l (|2006[ ). so 
that at the least it has somewhere between Galactic and 
the low metallicity favored ther e . Th ere is uncertainty 
in the masses, but iDavis et al.l (|2006f ) have a value of 
a* ~ 0.26 for the present Kerr parameter. They took 
7Mq as the mass of the black hole, which would imply a 
d onor of ^ 4M(t» from t he lower end of the measurements 
of ICowlev et al.l ()1983[ ). We take these to be representa- 
tive; other investigators have found other masses, so we 
suggest our evolution as only a possible on e. 

All of the b inarie s in iBrown. et"an (I2007D and 
iMoreno Mendez et al.l ()2007t ) which had so much energy 
that they dismantled the black hole accretion disk had 
donor masses of (1 — 2)Mq, so the donor in LMC X— 3 
is at least double tho se masses. The donor n iass is close 
to the 5Mq that iMoreno Mendez et all ([200.71) esti- 
mated would give the energy of a cosmological GRB. In 
any case, LMC X— 3 is the closest "nearby" relic of bina- 
ries similar to the progenitors of cosmological GRBs. We 
can, therefore, use it as an example to try to reconstruct 
the explosion and model the energy of the explosion. We 
estimate the mass loss in the explosion, finding it to be 
substantial. It is likely that the estimated system veloc- 
ity can be measured, at least the radial component of it, 
which should test our prediction. 

In this paper we wish to also summarize results of 
earlier calculations which have a direct bearing on the 
5 papers in the 31 August 2006 Nature iYoundl 120061: 
Campana et"ani20q6t iPian et al.l l2006t ISoderberg et all 
20061 iMazzah et al.ll2006[ ). in order to show that useful 
evolutions of black holes have been carried out in the 
past, of which the 119 astronomers who signed these ar- 
ticles were unaware. We show that these previous cal- 
culations have a direct bearing on the measurements of 



GRB 060218/SN 2006aj; namely that the central engine 
was a black hole, not the magnetar conjectured by most 
of the authors, and that the black hole was one of min- 
imum black hole mass with an (18 - 20)A/q ZAMS 
(Zero Age Main Sequence) progenitor. We also correct a 
number of errors in G alactic black hole evolution in the 
iFruchter et "all (|2006f ) article. 

2. EVOLUTION OF BLACK HOLES IN OUR GALAXY 

We begin by expan ding on the evolutionary discussions 
in iBrown et al.l ([2001 1 . The history of black hole evo- 
lution in binaries (which is the only place where black 
holes could be studied in detail) was that whatever mass, 
within reasonable limits, one proposed, the binary would 
turn out to have had a neutron star rather than black 
hole as compact object. The fi rst cl ear explanation of 
this was given bv IBrown et al.l ([200 If ): namely, the evo- 
lution of black holes in our Galaxy depends upon bina- 
rity. Namely, in Case A or B mass transfer (mass trans- 
fer while the giant star is in main sequence or red giant 
stage) the strong winds in our Galaxy blow off sufficient 
of the "naked" He envelope so that the remaining core of 
metals was too light to evolve into a black hole; rather, 
it would end up as a neutron star. 

Only in Case C mass transfer, if mass transfer following 
He burning were carried out, would the remaining core 
have the possibility of evolving into a black hole. Now, 
just what the limit is for the lowest ZAMS mass star that 
will evolve into a black hole is determined by what we 
call the Woosley Ansatz. In our opinion this is one of 
the most powerful developments in s tellar evolution. We 
will combine this "Ansatz" with the iBethe et al.l ([19791 ) 
considerations of entropy in the Fe core. 

The Woosley Ansatz basically divides the burning 
of ^^C into low energy, T 20keV burning through 
the ^^C+a ^1^0 process and the T - SOkeV 
i2(^_(_i2Q^24jy[g g^j, process. The ^^C is produced by 

a+^Be* -^^^C; i.e., essentially through a + a + a ^^^C. 
This is a three body process, going as the square of the 
density, p^. The ^^C is burned into "'^^O by the two body 
process -^^C-l-a ^^^0-1-7, which goes as p. As long as 
^^C is present, the latter reaction will take place. How- 
ever, with increasing Mzams, the density decreases. The 
entropy, which goes inversely with the density, is known 
to increase with Mzams- Therefore, there will be a value 
of AfzAMS where the ^^C is removed by the ^^C+a — i-^^O 
as rapidly as it is formed by the a -I- a -I- a process. At 
this value of Mzams the i2C-|-i2c^24]y[g gj^^^g 

because there is no ^^C; actually, it shuts off once the 
central carbon abundance is less than ~ 15% because 
there is not enough carbon for convective (steady) burn- 
ing. At this point the burning processes are all of low 
temperature, T ~ 20keV. At this point the metallicity is 
close to zero, independent of the average metallicity of 
the star. 

Now, this temperature is too low for neutrino-pairs 
to carry off appreciable energy and entropy (the rel- 
ativistic v pair cross section goes as T^^ power), 
whereas copious amounts of entropy were carried off 
by -^^C-I-^^C— >^^Mg etc. What happens to the entropy 
w hich increase s with increasing A/zams? 

iBethe et al.l ([1979( ) showed that the entropy per nu- 
cleon in the Fe core of a star in advanced burning was 
^ 1 in units of ks- The only place the increase in the 
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Fig. 1. — Central carbon abundance at the end of He-core 
burning for "clothed" (single) stars as function of ZAMS mass. 
The rapid drop in the central carbon abundance at ZAMS mass 
MzAMS ~ 2OAf0 signals the disappearance of convective carbon 
burning. The resulting iron core masses are summarized in Fig. [2] 

entropy can go is into an increase in the number of nu- 
cleons in the Fe core, once the burning is confined to 
the low-temperature (T ^ 20keV) region. Thus at the 
ZAMS mass at which the two-body process takes over 
completely from the three-body process, central abun- 
dance of ^^C has decreased below 15% and the increase 
in entropy comes from the Fe cores increasing rapidly 
with MzAMS- 

Given the Woosley value for the ^^C-I-q; ^^^O process 
of 170keV bar ns (at E = lOOkeV ), to be correct, the best 
experiments ()Kunz et all 1200 1[) obtaining 165 ± 50keV 
barns, the -^^C abundance drops below 15% just around 
I8M0, the mass of the progenit or of SN1987a, San duleak 
69°202. We reproduce Fig.l of iBrown et all (|200H ) as our 
Fig HI Thus with Case C mass transfer the threshold for 
black hole production is ZAMS 18M p. We show the cal - 
culated compact object masses from terown et all (|2001f ) 
as Fig [2] This is independent of metallicity, depending 
only on the low-energy burning. In fact, the metallicity 
is essentially zero at the threshold in ZAMS masses for 
black hole formation. 

Fryer (2004) and iFrver I ()2006f ) independently ob- 
tained a ZAMS mass of ~ 2OAf0 to give the lowest mass 
black hole. Our use of the Woosley Ansatz is not only a 
simple, elegant argument, based on the behavior of en- 
tropy, but also a practical one. For example, it settles 
the questions of central engine in GRB060218/SN2006aj, 
which was debated b y the 119 observers who wrote 5 pa- 
pers: l loimj (I2006D. ICampana et ap ([200^, [Pian et all 
(|2006l ). lSoderberg et al.l(|2006l ) and lMazzah et an(|2006f ). 
mostly speculating that the central engine was a magne- 
tar, although they gave no mechanism by which it could 
unwind its magnetic field to power the GRB. If o n e look s 
at the additional information of iMazzali et al.l (|2006f ). 
one sees that there were no carbon lines. (Actually, these 



Fig. 2. — Comparison of the iron core masses at the time 
of iron core implo sion for a finely spaced grid of stellar masses 
(Heger et al."2001'). The circular black dots were calculated with 
the Woosley & Weaver ( 1995) code, where as the cros ses employ the 
vastly improved Langanke fc Martinez-Pinedol I I2000I) rates for elec- 
tron capture and beta decay. If the assembled core mass is greater 
than Mpc = I.SMq, where Mpc is the proto-compact star mass 
as defined bv lBrown fc Bethel 111 994 ). there is no stability and no 
bounce; the core collapses into a high mass BH. Afjvs = I.SA/q de- 
notes the maximum mass of NS (Brown & Bctlic 1994). The mass 
of the heaviest known well-measured pul sar, PSR 1913+16, is also 
indicated with dashed horizontal line IThorsett &: Chakrabartvl 
[19991) . 

lines need not be zero, but some weak ones can come from 
carbon shell burning.) Therefore, the explosion was Ihcd 
in nature. This occurs only in one venue in astronomy; 
namely, in a black hole formed at the lowest ZAMS mass 
possible, ^ 18 A/0. Thus, clearly the central engine was a 
rotating black hole. Th e hypernova had a low energy of 
2 bethes (jMazzah et al.i 2006) and the GRB was highly 
subluminous. However, from equipartition of energy we 
expect the kinetic energy to be roughly equal to the ther- 
mal energy, so the kinetic energy must have been mostly 
used up by the ram pressure w hich cle a red t he way for 
the GRB (For GRB 980425. iMacFadvenl (f2000i ) estimates 
this to be ~ lO^^ergs). Clearly the "unwinding" of the 
lowest possible rotational energy will continue until the 
GRB falls below observational threshold. The T90 of 
GRB 060218 is 2100 ± 100s (Campana et al. 2006), ex- 
tremely long. It is clear that if all of the rotational energy 
can be accepted, which should certainly be true for a to- 
tal energy of only Erot ^ 4 x lO^^ergs, then the time will 
be very long because the kinetic energy is mostly used 
up in clearing the way through the star for the GRB, 
which has power oc , where B is the magnetic field, 
which would be expected to be low for the lowest mass 
black hole. We understand in this way that the sublu- 
minous bursts from low rota tional energy have a long 
hfetime. iKaneko et all (|2007 l find the energies, kinetic 
and thermal, to be the smallest in GRB 060218 among 
the subluminous bursts, GRBs 980425, 030329, 031203 
and 060218, they investigate. It should be noted that 



4 



Brown, Lee, Moreno Mendez 



the very low GRB energy comes from a near cancellation 
of the kinetic energy by the ram pressure work. Note 
that with such an energ y this would be a ne arly "dark" 
explosion like Cyg X— 1 ([Brown, et al.l [20071 ). which was 
estimated to have ~ 6 bethes of rotational energy, ex- 
cept that the black hole must be > 1.5Mq at the time of 
ex plosion rather than the ~ 7Mq black hole calculated 
bv lBrown. eFaLl ([2007D for Cyg X-1. In the case of Cyg 
X— 1, extensive mass transfer from the donor to the black 
hole and mass loss from the donor complicated the simple 
interpretation using Kepler's law. None the less, the ^ 6 
bethes obtained from Cyg X— 1 should not be so different 
from the ~ 4 bethes for GRS 060218 because the donor in 
the latter must be a factor of 3 lower in mass than the 
estimated ~ 3OAf0 in Cyg X— 1, in order to be less mas- 
sive than the black hole progenitor. This would increase 
the rotational energy by a factor of ~ 3 whereas the black 
hole in GRS 060218 is > 1.5Mq, a factor of ~ 14/3 less 
than that of the 7Mq black hole in Cyg X— 1 at the 
time of common envelope evolution. Scaling 6 bethes by 
3/(14/3) gives ~ 4 bethes. Mirabe l fc Rodrigucs (2003) 
found the mass loss in the explosion of Cyg X— 1 to be 
very small, the space velocity of Cyg X— 1 relative to 
the Cyg 0B3 association to be typical of the velocities 
of stars in expanding 0-star associations and gave other 
arguments supporting a "dark" explosion. The truly re- 
markable property of GRB 060218 is the long Tgo time 
of the GRB of 2000 ± 100 seconds. This is, however, the 
typical tiine of the Blandford-Znajek engine (eq.(8) of 
iLee et al.l ([2000[ )1 

The low magnetic field, appropriate for low-mass black 
holes and the low Mbh tend to make tbz longer, such 
that the measured Tgo = 2000 ± 100 sec. is just the right 
time for the GRB in 060218. That of GRB 060218 is 
certainly no more than "dusky" . 

We feel confident that the subluminous GRBs can be 
described by our binary scenario. As noted, we do not 
claim that the cosmological ones can be; they may require 
the original Woosley model. However, our model is not 
really different, in the sense that we use the Woosley 
collapsar model after the donor has spun up the black 
hole progenitor to the necessary amount of rotation, and 
we feel that understanding the dynamics of LMC X— 3 
will help us make a connection between the subluminous 
and cosmological GRBs. 

3. WHY CASE C MASS TRANSFER? 

It is clear that Case C, mass transfer following He burn- 
ing, is useful in the binary evolution of black holes, es- 
pecially in a Galaxy with solar metallicity. In this case 
the large winds off the stellar surfaces, referred to by 
iFruchter et al.l ([20061 ). do not blow away the He because 
it is covered by hydrogen -just like in single stars, and, 
therefore, protected from the strong He-star winds. Were 
this not so, the winds in our solar-metallicity Galaxy, 
would blow off the helium, lowering the stellar masses 
sufficiently that t hey would go into neutron stars, the 
fate described bv IFruchter et al.l (|200^ . The idea that 
life in the Milky Wa y is protected by t he metals keep- 
ing the GRBs away ([Stanek et al.l [20061 ) obtained from 



IFruchter et all ([2006f) is correct in that they do keep 
the high-luminosity long GRBs away. The idea that 
the black hole progenitor does not tidally lock with the 
donor, until the explosion, found in the literature of the 
soft X-ray transient sources is incorrect, as we now dis- 
cuss. 

The tidal locking between the donor and the He 
star h as been demonstrated bv IVan den Heuvel fc Yooiil 
([20071 ). Given this, when the center of the He star falls 
into the preforming black hole, the metals to which it has 
burned before Case C mass transfer undergo a perfect 
magnetohydrodynamics. The magnetic field is frozen in 
the material, and transfers the angular momentum of the 
He star to the black hole as it forms. The high, ^ lO^^G, 
B-field threading the disk of the black hole transfers the 
tidal locking of the He star with the donor to that of the 
black hole and the donor. Then the donor decouples and 
takes the role of an observer to the explosion. As noted 
earlier, by the material the donor accretes the nature of 
the explosion can be reconstructed. 

Aside from the help in tidal locking by the metals 
threading the disk, the Case C mass transfer accom- 
plishes two other mechanisms. Firstly, the remaining 
helium is originally on the outer part of the He star, later 
supported by the angular momentum that cannot be 
transferred into the black hole, so that it can leave in the 
Blaauw-Boersma explosion without interaction, thereby 
leaving a type Ic explosion. There is then no helium en- 
velope to tie the magnetic fields to, which w ould tend to 
reduc e the angular momentu m of black hole ([Heeer et al.l 
120031 ). As can be seen from iLee et al.l ([200^, Case C 
mass transfer also makes the initial binary separation 
insensitive to donor mass, making our use of Kepler's law 
easy. 

This latter argument results from the nature of the He 
supergiant at the time of mass transfer (Lee et al. 2002). 
In order for the mass transfer to be delayed sufficiently 
for Case C mass transfer to take place, winds must be 
sufficiently low that the metals obtained at the end of the 
burning do not blow away, but extend in space beyond 
the helium. Otherwise Case B mass transfer would take 
place. For a ZAMS 20AfQ giant, this means that the 
He supergiant must expand to ~ lOOOi?©. Adding the 
~ (200 — 3OO)i?0 Roche lobe of the donor gives mass 
transfer beginning at (1200 — 13OO)i?0. 

In either case, the mass transfer is well localized in ra- 
dius because the donors will have sizes which are small 
compared with the radii of the supergiants, so that 
their Ro che lobes a re ty pically about 0.2 of that ra- 
dius. In ILee et all ([2002D we found all supergiants to 
have ~ 3OM0. This was because in the Galactic evo- 
lution, binaries with lesser mass black holes would lose 
more t han half their mass in the e xplosion and not be 
stable ([Moreno Mendez et al[l2007t l. but with the lower 
rotational energies of the low metallicity binaries, the 
lower-mass giants of ^ 20Mq are likely to be more copi- 
ous. These would allow an a; ~ (1200— 13OO)i?0 for Case 
C mass transfer, without strong variation, so it is reason- 
able to forget the binary depende nce of aj. If we can do 
this w e can easily use eq. (4) of iMoreno Mendez et al.l 
l[200l 

days ^ / 4.2i?0/a, y/' / Mrf + A/ge V^' / Mg^anA " ''' 
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Fig. 3. — The Kerr parameter of the black hole resulting from the 
collapse of a helium star synchronous with the orbit, as a function 
of orbital period (LBW). Note that the result depends very little 
on the mass of the helium star, or on whether we use a simple 
polytrope or a more sophisticated model. 

where it is seen that the approximation 
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for higher Md- These can be normahzed to Galactic bi- 
naries, say Nova Sco or II Lupi, where the theoretical 
and observati onal Ker r para meters agree. We reproduce 
Fig.l of Brow n, et al.l (l2007j) as our Fig. [3] to show how 
it is possible to obtain the Kerr parameter from P},. 

4. LMC X-3 

The poster child subluminous explosion GRB 
980425/SN1998bw came from an LMC-size star- 
forming Galaxy but with metallicity nearly solar 
(|Sollerman et al.l[2005h . 

The LMC has 1/3 solar metallicity, so it should go 
a long way towards having low metallicity stars. The 
donor of LMC X— 1 is more massive than the black hole 
and it seems to be somewhere between Cyg X— 1 and 
M33 X— 7 in mass and their relative sizes. In the case of 
LM C X-3 iDavis et all (I2006D find a* ~ 0.26 now; using 
the ICowlev et al.l (|1983( ) IMr^ for the black hole would 
imply using AMq for the donor. The present period is 
1.7days, with present rotational energy of 54 bethes, ob- 
tained from the period from Fig. [3l 

Note that the much lower energy than those of most 
Galactic binaries result from the 2 — 4 times larger donor 
mass here. It would be natural for the natal rotational 
energy to be about double this, with energy ^ 108 
bethes. The hypernova energy of SN1998bw is ^ 30 
bethes, and, as noted earlier, the kinetic energy should 



be about equal to this because of equipartition of kinetic 
and thermal energies. The GRB 980425 is a "smothered" 
one (|MacFadvenll200dl ) . but, in general, the visible GRB 
is only ~ 1 bethe, so in most cases the energy used up by 
the ram pressure in order to clear out material from the 
path of the jet must be cancelled in first order of mag- 
nitude by the kinetic energy. We believe this near can- 
cellation between kinetic energy and energy needed for 
the ram pressure work to produce the various observed 
low-energy GRBs (see our later discussion). 

We believe that adding the ~ 30 bethes kinetic energy 
to the 30 bethes measured hypernova explosion energy, 
assuming equipartition between the two energies, gives us 
an energy of ~ 60 bethes, possibly that of cosmological 
GRBs. At least, this is the largest energy that we have 
found recently in the literature. We argue that GRB 
980425 is subluminous because of the near cancellation 
between work of the ram pressure and the kinetic energy. 
(But it could be subluminous because of the high, nearly 
solar metallicity in the background galaxy.) 

The present rotational energy of LMC X— 3 is ~ 54 
bethes, obtained from the 1.7 day period and Fig. [3l 
roughly half of the natal rotational energy if we assume 
the explosion to use up ~ 60 bethes. Going back to Fig. [3] 
again, this would imply a pre-explosion period of ~ 1 day 
for LMC X-3. 

It is clear that the black-hole binaries cannot deliver 
all of their rotational energy into the explosion because 
their power goes to zero as they slow down. From di- 
mensional analysis it would seem reasonable that their 
prc-explosion energy would be about double the post- 
explosion energy, assuming that all of this latter energy 
could be accepted. In any case, our assumption can be 
tested in that the system velocity, at least the radial 
component of it, will be measured by the Smithsonian- 
Harvard collaboration. In our above model we have a 
mass loss of AAf = 3.25^/©, which implies a system ve- 
locity of 43 km/s, definitely not a "dark" explosion. This 
is a little less than 1/3 the system velocity of Nova Sco, 
where the peculiar velocity in the direct ion of th e local 
standard of rest is (114 ± 19) km/s (Bra ndt et al] [l995). 
where only one component of Nova Sco's space velocity 
has been measured, so that its space velocity may be 
higher. In any case, it is clear that LMC X— 3 is an in- 
teresting black-hole binary, and better measurement of 
its properties is underway. 

We note that LMC X— 1 has a don or mass more mas- 
sive than its black hole (jOrosd [2b02f ) . Mbh / Mdonor ^ 
(0.3 - 0.7) with black hole mass ~ (7 - 13)Mq. Thus 
LMC X— 1 is similar to Cyg X— 1, and would have been 
expected to undergo a "dark" explosion. 

5. CONCLUSIONS 

We suggest that LMC X-3 may be similar to relics 
of cosmological GRBs, to the extent that some or most 
of these latter result from binaries. The number of the 
latter is certainly sufficient to produce the GRBs and 
the binary nature takes care of the necessary angular 
momentum, which can be achieved by choosing the donor 
mass. 

iFruchter et al.l (|2006( l have made a case that high- 
luminosity, long GRBs came from irregular low-metal 
galaxies. We suggest LMC X-3 as the closest nearby 
binary from a region of 1 /3 solar metallicity in an irreg- 
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ular galaxy. The lower metallicity environment has more 
massive stars, and the donor in LMC X-3 is probably at 
least twice as massive as the donors of the relics of the 
Galactic GRBs, which should slow the binary down to a 
rotational energy that can be accepted. We believe that 
LMC X-3 brings us in the metallicity tow ards the irregu- 
lar low - metallicity binaries considered bv lFruchter et all 

Working in this region of energies we feel that we can 
make predictions, because our calculation of Kerr param- 
eters makes it possible to make quantitative calculations. 

Our predictions are, however, at best, order of mag- 
nitude, because the necessary properties of the binary 
LMC X-3 have not been accurately measured. As they 
are measured we will probably have to readjust our num- 
bers. In particular, it would be most valuable to obtain 
a reliable value for the explosion energy. Whereas the 
hypernova energy is probably measured with reasonable 
accuracy, the kinetic energy required by the work per- 
formed by the ram pressure to clear the way for the GRB 
is mostly hidden, and the net GRB energy is a small dif- 
ference between large kinetic energy and a large amount 
of work done by the ram pressure. We believe that there 
will be great variations in GRBs depending upon these 
small differences which must be sensitive to stellar prop- 
erties. 



Our present estimate of ~ 60 bethes for the total coso- 
logical GRB energy is the highest recent estimate that 
we have seen. For this estimate we invoke equipartition 
of kinetic and thermal energies. 

Finally, we wish to point out that our ability to cal- 
culate Kerr parameters and the confirmation of these by 
the Smithsonian-Harvard measurements makes it possi- 
ble to calculate in a reliable way the amount of angular 
momentum carried by the black-hole binary. This an- 
gular momentum is conserved, but the questions to be 
answered concern how it is to be distributed: how much 
remains in the binary, how much energy goes into the ex- 
plosion and what is the fraction of the latter which goes 
into kinetic and into heat energy? Progress in answering 
these questions is necessary to make a quantitative study 
out of the GRBs, and to put order into their classifica- 
tion. 
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APPENDIX 
APPENDIX A: ENERGIES 

The energies of cosmological GRBs and hypernovae are generally taken to be ~ 1 bethe and a few times 10 bethes, 
respectively. However, the GRB involves, in order that it can begin, the clearing of the matter in the way of the 
jet in order that it can leave the star. This energy is roughly the mass still contained within the beaming angle of 
the jet times the square of the velocity with which it is displaced. This is about IMq (including both poles) times 
(1% - 10%)c2 (MacFadycn 2000). MacFadyen estimates this to be a few xlO^^ ergs. However, the(l% - 10%)Mqc'^ 
is ~ (2 X 10^^ — 2 X lO'^'^) ergs. We compare this with the thermal energy of ^ 3 x 10^'^ ergs in the hypernova 1998bw. 
The mechanism for heat production is viscous heating, from the field lines frozen in the rotating disk, different from 
ordinary supernovae. In the latter, the kinetic and heat energy are roughly equal, from energy equipartition. We 
assume this to be true also in the GRB-Hypernova case. Otherwise we cannot make sense out of our energies. In other 
words, we believe that GRB 980425/SN 1998bw had essentially the same rotational energy as cosmological GRBs, the 
GRB, however, being nearly smothered by the work from the ram pressure. 

This means that the kinetic energy is roughly e qual to that of th e hypernova, ^ 30 bethes in the case of GRB 
980425. The GRB is, however, a "smothered" one ()MacFadvenll2000l ). which means that the ram pressure to free the 
jet uses up nearly all of the kinetic energy. 

In cosmological GRBs the typical GRB energy is ^ 1 bethe, resulting from a near cancellation of work from ram 
pressure work and other kinetic energy. 

If such a near cancellation is to be engineered, the helium stars in which the jet is produced cannot be very different 
in properties. However, the cosmological GRBs are only a tiny population compared with subluminal ones, which are 
probably formed with helium stars that do not show this near cancellation of kinetic energies with ram pressure work. 

To summarize, we are saying that there is a large "invisible energy" which goes into work done by the ram pressure, 
so that our energies calculated in the Blandford-Znajek mechanism look much larger than those found empirically in 
the observations, although it is generally realized that extra energy must be furnished to get photons out in the GRB, 
by saying that there is an efficiency, often taken to be ~ 10%. 

APPENDIX B: A NEW CONSTRAINT FOR GRB PROGENITOR MASS 

We wish t o point out that ther e is observational support for our choice of the LMC as a site for the long gamma- 
ray bursts. iLarsson et al.l (|2007f l provide a new constraint for gamma-ray burst progenitor mass. They show that 
long-duration gamma-ray bursts (L-GRBs) are much more concentrated on their host galaxy light than core collapse 
supernova explosions. From this they way "Assuming core collapse supernova arise from stars with main-sequence 
masses > 8Mq, GRBs are likely to arise from stars with initial masses > 20Mq. This difference can naturally be 
explained by the requirement that stars which create a L-GRB must also create a black hole." 

As a template and close by natural analogue of starburst galaxies they use NGC 4038/39. They say, however, 
the luminosity function and surface density of clusters on NGC 4038/39 is comparable to that seen in other local 
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star-forming galaxies of varying morphology in which they include the LMC. 
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